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bstract

Here we report novel zinc ion conducting polymer electrolytes based on oligomeric polyether/PVDF-HFP blends with or without the incorporation
f a small amount of organic carbonates. Their thermal properties, ionic conductivity and electrochemical properties are characterized and the
ffect of different Zn salts and incorporation of a small amount of organic carbonates are investigated. These polymer electrolyte membranes
xhibit essentially no or very low volatility, high thermal stability, high ionic conductivity, wide electrochemical stability window, acceptable
nterfacial resistance with zinc, and the capability for reversible Zn plating/stripping. Particularly promising are electrolyte systems based on the

ombination of low lattice energy zinc imide salt and a special co-solvent of oligomeric poly(ethylene glycol) dimethyl ether (PEGDME) mixed
ith a small amount of ethylene carbonate (EC), dimensionally stabilized with PVDF-HFP. Such novel polymer electrolyte membranes could

ead to the development of new kinds of electrochemical energy storage devices based on zinc electrochemistry, including solid-state, thin-film
echargeable zinc/air cells envisaged.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Zinc electrochemistry has been prominent in energy storage,
s evidenced by the extensive use of the zinc/manganese
ioxide alkaline batteries in the past few decades for a very
ide variety of consumer applications and zinc/air batteries

or hearing aids. Other zinc-based systems such as nickel–zinc
zinc/nickel oxyhydroxide), zinc/silver oxide, zinc/mercury
xide and zinc/bromine batteries also have their own application
iches or targets [1]. Despite the fact that zinc-based batteries
ave been around for a long time, various zinc-based systems,
ncluding some rechargeable ones, have been under significant
nd increasing R&D efforts in recent years. This is largely
ue to both the high promise, yet to be fully realized, of zinc-
ased chemistries and the driving forces from the consumer
lectronics market, development of hybrid and electric vehicles
nd special applications including military applications [2].

articularly noteworthy are zinc/air systems. Besides being

he dominant choice for the power source for hearing aids [1],
inc/air systems are under active development for electric buses

∗ Corresponding author. Tel.: +1 732 445 5606; fax: +1 732 445 3258.
E-mail address: johnxu@rci.rutgers.edu (J.J. Xu).
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nd other electric vehicles and such systems have been referred
o as zinc–air fuel cells [2]. The high theoretical energy density
f zinc/air batteries, on both gravimetric and volumetric bases,
long with their low cost, is also very attractive to both consumer
lectronics applications and special applications such as military
pplications.

The electrolyte used in zinc-based batteries has been predom-
nantly aqueous alkaline electrolytes. This choice of electrolyte,
espite the varying degrees of success it has achieved with var-
ous zinc-based chemistries, poses some serious limitations. As
e recently discussed [3], in the case of zinc/air batteries, these

imitations include the necessity of limiting the area for air access
nd mass transport rate in the air cathode due to concerns of elec-
rolyte evaporation or ambient moisture uptake, degradation of
erformance due to electrolyte carbonation, and limited operat-
ng temperature range. Moreover, among other factors, the fact
hat thermodynamics dictates that recharging a zinc/air pair in
n aqueous electrolyte is fundamentally unfavorable (since the
CV of the cell, 1.65 V, is higher than the stability window of

he aqueous electrolyte, 1.23 V) and rechargeability would only

e possible owing to kinetic factors (i.e., the large overpoten-
ials associated with splitting of water), renders it very difficult
o realize rechargeable aqueous electrolyte zinc/air cells with a
ong cycle life.

mailto:johnxu@rci.rutgers.edu
dx.doi.org/10.1016/j.jpowsour.2006.10.042
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We have envisaged solid-state, thin-film zinc/air batteries
ased on zinc ion conducting non-aqueous polymer electrolytes
3]. Such systems would be expected to offer various advantages
ver current zinc/air batteries based on aqueous electrolytes,
uch as higher rate and power capabilities, a greater propor-
ion of the theoretical energy density extracted at practical rates,
ncreased shelf-life, wider operating temperature range and elec-
rical rechargeability [3]. The development of such systems rests
argely on the availability of zinc ion conducting solid poly-

er electrolytes with high ionic conductivity and other desirable
roperties, including, very importantly, non-volatility or at least
ery low volatility since zinc/air batteries are open to the ambient
ir during usage. Availability of such zinc ion conducting poly-
er electrolytes would enable development of other new kinds

f zinc-based batteries as well. However, zinc ion conducting
olymer electrolytes reported in the literature do not meet the
asic and essential requirements for developing such zinc-air
ystems. Solid polymer electrolytes of PEO–ZnX2 complexes,
here PEO is high-molecular-weight poly(ethylene oxide) and
= Cl, Br, I, ClO4, and CF3SO3, exhibit conductivities around

0−6 S cm−1 over 60 ◦C, too low for application in batteries
4–7]. Polymer gel electrolytes swollen with aprotic solvents
uch as propylene carbonate (PC), ethylene carbonate (EC) and
imethylsulfoxide (DMSO) with zinc triflate (Zn(CF3SO3)2)
issolved in them, were reported to exhibit high ionic con-
uctivities on the order of 10−3 S cm−1 [8–12]. However, the
ncorporation of large amounts of organic solvents such as PC
r EC leads to rapid solvent evaporation in open systems, which
n turn leads to rapid degradation of the gel electrolyte sys-
em and loss of ionic conductivity [3,13]. Recently, we have
eported novel zinc ion conducting polymer electrolytes based
n non-volatile ionic liquids with zinc salts dissolved in them and
lended with poly(vinylidene fluoride-co-hexafluoropropylene)
PVDF-HFP). These zinc ion conducting polymer electrolyte
embranes exhibit high ionic conductivity, non-volatility and

ther desirable properties for potential application in the solid-
tate, thin-film, rechargeable zinc/air cells envisaged and other
inc-based systems [3]. Here we report another series of zinc ion
onducting polymer electrolytes, based on oligomeric polyether
s the electrolyte solvent, blended and dimensionally stabilized
ith PVDF-HFP, with or without the incorporation of a small

mount of ethylene carbonate.
Oligomeric polyethers, with molecular weight from a few

undred to a few thousand, are typically viscous liquids or waxy
olids at room temperature. A prominent example of oligomeric
olyethers as electrolyte solvents for potential battery appli-
ations is poly(ethylene glycol) dimethyl ethers (PEGDMEs),
hich are methyl capped short-chain PEO, and possess excel-

ent thermal and chemical stability. For example, PEGDME250
Mw = 250) has a melting point around −20 ◦C and boiling
oint >300 ◦C. Its vapor pressure is very low, as evidenced
y the fact that it exhibits negligible weight loss even when
ubject to dynamic vacuum for 24 h. Oligomeric PEGDMEs

ave been used as solvent for lithium ion conducting elec-
rolytes, and lithium polymer (gel) electrolytes based on them
ave been studied rather extensively due to the high solubility
f lithium salts in them and their good compatibility with the
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ithium metal anode [14–17]. We have reported novel lithium
olymer electrolytes based on PEGDME/cross-linked PMMA
lends prepared via in situ polymerization, for potential appli-
ation in rechargeable lithium cells including lithium/air cells
17]. To the best of our knowledge, however, there has been
o report on the use of oligomeric polyethers or PEGDMEs
or zinc ion conducting electrolytes. At the same time, we
ave found that PEGDMEs possess unusually strong capabil-
ties for dissolving large amounts of zinc salts. For example,
he solubility of zinc triflate, Zn(CF3SO2)2, is at least an order
f magnitude higher in PEGDME250 than in propylene car-
onate (PC), despite the fact that PC is one of the strongest
rganic solvents for dissolving inorganic salts owing to its high
ielectric constant, high electron pair donicity and appreciable
cceptor number [18]. We have also found that the combined
se of a PEGDME solvent and a zinc salt with a very large
nion, e.g., zinc bis(trifluoromethanesulfonyl)imide (abbrevi-
ted as Zn(TFSI)2), Zn[N(SO2CF3)2]2, not only leads to high
olubility, but also high ionic conductivity. Coupled with their
ery low vapor pressure and the fact that they blend exception-
lly well with a range of polymers such as PVDF-HFP [19]
nd PMMA [17], PEGDMEs appear to be rather suitable sol-
ents for developing zinc ion conducting polymer electrolytes
or potential applications, especially for the solid-state, thin-film
inc/air cells envisaged. Furthermore, we have found that blend-
ng PEGDME with a small amount of ethylene carbonate has
urprisingly large beneficial effects on the ionic conductivity and
ther electrochemical properties of zinc ion conducting polymer
lectrolytes based on them, without affecting the extremely low
olatility nature of the electrolyte system. In this paper, a series
f zinc ion conducting electrolyte systems are described, with
C, EC, PEGDME or their mixtures as the electrolyte solvent
nd zinc triflate or Zn(TFSI)2 synthesized in our laboratory as
he electrolyte salt, blended and dimensionally stabilized with
VDF-HFP. The prospect of developing zinc ion conducting
olymer electrolytes based on PEGDME for our envisioned
pplication is discussed.

. Experimental

Zinc triflate (Zn(CF3SO2)2, abbreviated as Zn(Tf)2),
inc dust, trifluoromethanesulfonimide (HTFSI) and ethy-
ene carbonate (EC) were purchased from Sigma–Aldrich.
oly(ethylene glycol) dimethyl ether (molecular weight = 250,
eferred to as PEGDME hereafter) were purchased from
igma–Aldrich and dried under vacuum for 24 h before
se. Battery grade propylene carbonates (PC) and co-solvent
C/EC (1:1, weight ratio) were purchased from Ferro Cor-
oration and used as received. Poly(vinylidene fluoride-co-
exafluoropropylene) (PVDF-HFP), KYNAR 2801, was kindly
rovided by ATOFINA Chemicals. Zn(Tf)2 was dried under vac-
um for 24 h at 110 ◦C prior to use. Zn(TFSI)2 was synthesized
y reaction of HTFSI with over-stoichiometric zinc dust [3,20].
The solubility of Zn salts in different solvents was determined
y intermittently adding the salt to the solvent under continu-
us stirring until the solution became turbid. Co-solvents were
btained simply by mixing the individual solvents in appropriate
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Table 1
Solubility of Zn(Tf)2 and Zn(TFSI)2 in different solvents and ionic conductivity
of the electrolyte solutions (25 ◦C)

Electrolyte solution Solubility
(mol l−1)

Ionic
conductivity
(10−3 S cm−1)

Zn(Tf)2/PC 0.04 0.72
Zn(Tf)2/0.5PC + 0.5EC 0.10 1.2
Zn(Tf)2/PEGDME 0.40 0.12
Zn(TFSI)2/PEGDME >0.50 1.1a

Zn(Tf)2/0.5PC + 0.5PEGDME 0.93 1.3a

Zn(TFSI)2/0.1EC + 0.9PEGDME >1.0 1.6a
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eight ratio and stirring overnight. Polymer electrolyte mem-
ranes were prepared by a solution casting method. A zinc elec-
rolyte solution was prepared by dissolving a zinc salt in a sol-
ent or co-solvent with desired concentration. PVDF-HFP was
issolved in acetone with a concentration of 7.5 wt%. The elec-
rolyte solution was then mixed with the PVDF-HFP/acetone
olution and a viscous mixture solution resulted. The weight
atio of the electrolyte solution to PVDF-HFP was fixed to be
o 7:3 throughout the study. The viscous mixture solution was
ast over a Teflon tray and the acetone was evaporated and a
reestanding membrane of 150–170 �m thickness resulted. All
reparation steps were carried out in an argon-circulating glove
ox. The concentration of the electrolyte membranes refers to
he molarity (M or mol l−1) of the zinc salt in the correspond-
ng liquid electrolyte solution, i.e., excluding the PVDF-HFP
olymer.

Thermogravimetric analysis (TGA) of the membranes was
erformed with a Perkin-Elmer TGA7. The measurements were
arried out from room temperature to 200 ◦C under flowing
2 with a heating rate of 10 ◦C min−1. Differential scanning

alorimetry (DSC) was performed with a Q1000 DSC system
rom TA Instruments, Inc. The measurements were carried out
t the temperature range from −50 to 150 ◦C at a heating and
ooling rate of 10 ◦C min−1. A cooling–heating–recooling cycle
as carried out first and DSC data was collected during the sub-

equent, namely, the second heating step.
The ionic conductivity of liquid electrolyte solutions was

easured by an Oaklon Conductivity Meter. The ionic conduc-
ivity of the polymer electrolyte membranes was determined by
he AC Impedance method, using a Solartron 1287 Electrochem-
cal Interface combined with a 1260 Impedance/Gain-phase
nalyzer. The frequency range used for the impedance measure-
ents was 1 MHz to 10 Hz and the amplitude used was 5 mV.
he conductivity measurement set-up was assembled inside

he glove box by sandwiching the polymer electrolyte mem-
rane (12.7 mm in diameter and approximately 150 �m in thick-
ess) between two stainless-steel discs and hermetically sealing
he assembly inside a Hohsen Test Cell (Hohsen Corporation,
apan). The Test Cell was placed inside an environment cham-
er (B-M-A, Inc.), which provided temperature control, and
he measurements were performed from −10 to 80 ◦C. Cyclic
oltammetry tests were carried out using a symmetric cell of
n/membrane/Zn inside the glovebox. The interfacial resistance
etween the Zn electrode and the membrane was determined
y performing AC Impedance analysis of the Zn/membrane/Zn
ell, using a frequency range of 1 MHz to 0.01 Hz and ampli-
ude of 5 mV. The electrochemical stability of the membranes
as evaluated by means of linear potential sweep voltammetry
sing a similar cell inside the glovebox, in which a freshly pol-
shed stainless-steel disc was used as the working electrode and
Zn disc served as both the counter electrode and the reference
lectrode.
. Results and discussion

Table 1 lists solubility data of Zn(Tf)2 and Zn(TFSI)2 in some
rganic solvents, PEGDME and their mixtures. The ionic con-

(
o
P
d

a Ionic conductivity for 0.5 mol l−1 Zn salt solution. Other ionic conductivities
re for the saturated solutions.

uctivities of the corresponding saturated electrolyte solutions
r at a specified concentration are also listed. Note that the solu-
ility of Zn(Tf)2 in PC and 0.5PC + 0.5EC (i.e., PC/EC mixture
n 1:1 weight ratio) is only 0.04 and 0.1 M (mol l−1), respec-
ively, despite the fact that PC and EC are among the strongest
rganic solvents for dissolving organic salts. In fact, the dis-
overy that lithium could be electrochemically deposited from
solution of LiClO4 in PC and the electrolyte solution is rela-

ively stable with lithium metal is credited for starting the area
f lithium battery research [21]. PC and EC have ever since
layed very important roles as electrolyte solvents for lithium
atteries, and lithium triflate in PC or PC/EC has been one of
he most common electrolyte systems used in lithium battery
esearch. The fact that zinc triflate or Zn(Tf)2 has dismally low
olubility in PC or PC/EC underlines the difficulty of devel-
ping non-aqueous zinc electrolytes. The very low solubility
ay be understood in light of a few factors. Owing to the fact

hat the zinc ion is divalent, one mole of the zinc salt contains
wo moles of the monovalent anion compared with only one

ole in the corresponding lithium salt. The lattice energy of one
ole of the zinc salt should be significantly higher than that

f one mole of the corresponding lithium salt. Moreover, the
inc salt is significantly more covalent in nature than the corre-
ponding lithium salt and consequently is much more difficult
o dissolve in polar solvents. Surprisingly, however, the solu-
ility of Zn(Tf)2 in PEGDME is high and as much as 10 times
hat in PC, despite the fact that PEGDME’s dielectric constant
s much lower (7.88 for PEGDME compared with 65 for PC
22]) and it is significantly more viscous. The underlying reasons
or PEGDME’s unusual solvating capacity are not fully under-
tood, although it apparently has to do with the high electron
air donicity of the polyethers, as with ethers. While solubility
s certainly one of the first considerations when developing an
lectrolyte, it is the ionic conductivity that is more directly per-
inent to electrochemical application. The ionic conductivity of
he saturated Zn(Tf)2/PEGDME solution is disappointingly low
espite the high solubility, and it is lower than that of the satu-
ated Zn(Tf)2/PC solution or Zn(Tf)2/(0.5PC + 0.5EC) solution
Table 1). These data suggest different solvating mechanisms

f the Zn salt in the highly polar solvent PC or PC/EC and in
EGDME. Not only do PC and EC have very high electron pair
onicity (DN) hence strong capability for solvating cations, but
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lso their high polarity implies an appreciable acceptor num-
er hence at least some capability for solvating the anions as
ell [18]. This suggests a relatively high percentage of free

ations and anions and a low percentage of neural ion pairs in
he electrolyte solution for the amount of zinc salt that is dis-
olved, although the solubility is low due to the factors discussed
bove. The fact that the percentage of free ions is relatively
igh may also be explained by the high dielectric constant of
he PC or PC/EC solvent, which significantly reduces the elec-
rostatic forces between the ions. The relatively low viscosity
f the PC or PC/EC solvent also helps ensure relatively high
obility of the free ions, as in such small-molecule solvents

he ions migrate with their salvation sheath moving along with
hem and viscosity of the medium is a determining factor of their

obility [23]. On the other hand, polyethers such as PEGDME
ossess high electron pair donicity but very poor acceptor num-
er. PEGDME dissolves the salt through forming complexes
ith the cations and the anions are basically un-solvated [24].
he electrostatic forces between the ions are therefore not as
ignificantly reduced, a fact that can also be explained by the
ow dielectric constant of PEGDME. As a result, there must be

high percentage of neutral ion pairs, which have no contri-
ution to the ionic conductivity, and a low percentage of free
ons. The fact that ion migration in PEGDME is likely facil-
tated by the segmental motion of the oligomer chains, as in
EO, also points to relatively low ion mobility compared with

hat in small-molecule solvents.
One way to increase the ionic conductivity of PEGDME elec-

rolytes would be to use zinc salts with larger anions. The electri-
al charge on larger anions is more delocalized, and as a result,
he lattice energy of the salt is lower and the electrostatic force
etween the zinc cation and the anion in the electrolyte is weaker.
hese factors should lead to even higher solubility in PEGDME
nd higher percentage of free ions, hence higher ionic conductiv-
ty. Indeed, this has been realized with the Zn(TFSI)2 salt synthe-
ized in our laboratory [3]. As shown in Table 1, Zn(TFSI)2 has
ven higher solubility in PEGDME than Zn(Tf)2. More impor-
antly, the conductivity of 0.5 M Zn(TFSI)2/PEGDME solution
s an order of magnitude higher than that of the saturated Zn(Tf)2
olution, i.e., 0.4 M Zn(Tf)2/PEGDME. The trifluoromethylsul-
onyl imide ion (TFSI) is very large and polymer electrolytes
ased on LiTFSI have been rather extensively studied for lithium
atteries [24,25]. Here the benefit of utilizing charge delocaliza-
ion through such a large anion is demonstrated for the first time
or a zinc polymer electrolyte, and the effect appears to be even
ore dramatic than with corresponding lithium polymer elec-

rolytes.
Another way to increase the ionic conductivity and intro-

uce other desirable properties would be through the approach
f co-solvents, i.e., mixing of different solvents, which com-
ensate for the drawbacks of each other leading to synergistic
ffects. This has been done extensively for lithium electrolytes
ased on organic solvents. In fact, the electrolytes used in com-

ercial lithium ion batteries are based on solvent mixtures

26]. In our case for the zinc electrolytes, we have found that
ixing PEGDME with PC or EC has surprisingly large benefi-

ial effects. Comparing the solubility and conductivity data of
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n(Tf)2 in PC, PEGDME, and 0.5PC + 0.5PEGDME (i.e., PC
nd PEGDME in 1:1 weight ratio) listed in Table 1, the advantage
f co-solvents combining the high-dielectric-constant PC and
he high-donicity PEGDME is evident. The solubility of Zn(Tf)2
n the 1:1 mixture is significantly higher than in either PEGDME
r PC, and in fact is more than 2 times than in PEGDME alone
nd more than 20 times than in PC alone. The ionic conductivity
s also significantly increased; in fact, it is an order of magni-
ude higher than that of the electrolyte based on PEGDME alone
ith the same salt and similar concentration. The rather dramatic

ffects of mixing PEGDME with PC may be explained by syner-
ies between the two solvents. The combination of PEGDME’s
nusually strong capability for dissolving zinc salts and its low
cceptor number and dielectric constant would lead to the for-
ation of complexes with the zinc ions in large quantities but

t the same time a high percentage of neutral ion pairs. With its
ppreciable acceptor number and high dielectric constant, PC
ould significantly promote the dissociation of the ion pairs so

hat the free ion concentration would be significantly increased.
he strong capability of PEGDME for solvating the cations com-
ined the appreciable capability of PC for solvating the anions
ould also lead to higher solubility. The plasticizing effect of PC
ould also lead to more rapid segmental motion of the oligomer

hain, which in turn leads to enhanced ion mobility.
Incorporation of 50 wt% PC, however, gives rise to much

ncreased volatility, which is detrimental to application in open
ystems such as the solid-state zinc/air batteries we envi-
ioned. We attempted incorporating a small amount of EC into
EGDME and found that large beneficial effects also result but
ithout increasing the volatility of the polymer electrolyte mem-
ranes based on the co-solvent, as described later. As seen in
able 1, the solubility of Zn(TFSI)2 in 0.1EC + 0.9PEGDME
i.e., mixture of EC and PEGDME in 1:9 weight ratio) is sig-
ificantly higher than in pure PEGDME, and the ionic conduc-
ivity of the electrolyte based on the mixture is significantly
igher than that based on pure PEGDME with the same salt
nd same concentration. In fact, the ionic conductivity of 0.5 M
n(TFSI)2/(0.1EC + 0.9PEGDME) reaches 1.6 × 10−3 S cm−1.
his value is close to the conductivity of lithium ion conduct-

ng electrolytes based on mixtures of organic solvents and used
n commercial lithium ion batteries [26], despite the fact that it
s a zinc ion conducting electrolyte here and 90% of the elec-
rolyte solvent is PEGDME, which has much higher viscosity
han the organic solvents used in the lithium case. The conduc-
ivity achieved here is encouraging for potential applications and
nce again demonstrate the power of the co-solvent approach as
ell as the unusual properties of PEGDME as a solvent for the
ivalent zinc salts.

Fig. 1 shows Arrhenius plots of the ionic conductivity of
olymer (gel) electrolyte membranes formed by blending the
lectrolyte solutions listed in Table 1 with PVDF-HFP in 7:3
electrolyte solution:PVDF-HFP) weight ratio. Table 2 lists their
omposition and sample number, along with room temperature

onductivity, activation energy of the ionic conductivity, and
nterfacial resistance with zinc metal. The ionic conductivity of
he membranes is a few to several times lower than that of the
orresponding electrolyte solution. This is consistent with the
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Table 2
Properties of the polymer (gel) electrolyte membranes

Polymer (gel) electrolyte Sample no. σ at 25 ◦C (10−3 S cm−1) Activation energy (kJ mol−1) Interfacial resistance (�)

0.04 M Zn(Tf)2/PC/PVDF-HFP a 0.14 4.6 740
0.1 M Zn(Tf)2/0.5PC + 0.5EC/PVDF-HFP b 0.22 5.0 239
0.4 M Zn(Tf)2/PEGDME/PVDF-HFP c 0.03 10.0 1085
0
0
0
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.5 M Zn(TFSI)2/PEGDME/PVDF-HFP d 0.17

.5 M Zn(Tf)2/0.5PC + 0.5PEGDME/PVDF-HFP e 0.20

.5 M Zn(TFSI)2/0.1EC + 0.9PEGDME/PVDF-HFP f 0.47

act that PVDF-HFP is electrochemically inert in terms of ion
olvation and its main role is to provide mechanical support
nd dimensional stabilization. It also suggests that the elec-
rolyte solutions blend with the PVDF-HFP polymer likely at
he molecular level, since the ionic conductivity would not be
ecreased to such an extent if the blending were at a microscopic
ather than molecular level [15,27]. The excellent dimensional
tability and mechanical properties observed of the membranes
lso suggest molecular level blending. An analysis of Fig. 1
hows that the ionic conductivity of the polymer (gel) electrolyte
embranes exhibits a linear relationship between log σ versus
−1 above 40 ◦C and a downward curvature at lower tempera-

ures. This behavior is similar to that of lithium ion conducting
olymer (gel) electrolytes [24], which is related to the segmen-
al motion of the polymer chain and is well described by the
ogel–Tammann–Fulcher (VTF) equation [28–30]:

= σ0 exp

[ −B

(T − T0)

]

As seen from Fig. 1, the ionic conductivity of the polymer
el electrolytes based on small-molecule organic solvents only,
.e., PC or PC/EC, exhibits weaker temperature dependence than
hat of the membranes containing PEGDME. Quantitatively, the

ctivation energy of the ionic conductivity was calculated from
he linear region of the log σ versus T −1 plots (T ≥ 40 ◦C) and
isted in Table 2. The activation energies of the polymer gel elec-
rolytes based on PC or PC/EC are only about half of those of

ig. 1. Temperature dependence of the ionic conductivity of the polymer (gel)
lectrolyte membranes.

a
i

b
T

9.6 469
10.5 298
11.0 322

he electrolyte membranes containing PEGDME. This supports
ur interpretation of the different solvation and transport mecha-
isms in these solvents. Ion transport in PEGDME or membranes
ased on PEGDME is expected to be facilitated by the thermally
ctivated segmental motion of the polyether chain, the energy
arrier of which is higher than that of thermally activated motion
f small organic molecules owing to the fact that it is an oligomer,
eading to higher activation energy. It is interesting to note that
he activation energy of ion transport in membranes based on

ixtures of PEGDME and PC or EC is about the same as that
f membranes based on PEGDME only, and twice as much as
hat of membranes based on PC or PC + EC. This would suggest
hat ion transport in membranes based on mixtures of PEGDME
nd PC or EC is still largely facilitated by the segmental motion
f the polyether chain, and the fact that the ionic conductivity
s increased by the incorporation of PC or EC is through the
lasticization effect in addition to increased ion dissociation. In
erms of the magnitude of the ionic conductivity, the polymer
gel) electrolyte membranes listed in Table 2 follows the same
rend as the corresponding liquid electrolyte solutions listed in
able 1, and the Zn(TFSI)2/0.1EC + 0.9PEGDME/PVDF-HFP
embrane exhibits the highest ionic conductivity among all

he membranes. It is 0.47 × 10−3 S cm−1 at room temperature,
bove 1 × 10−3 S cm−1 at 40 ◦C, and around 1 × 10−4 S cm−1

t −10 ◦C. Such ionic conductivities for polymer electrolytes
ndicate promise for potential applications.
Thermal properties of the polymer (gel) electrolyte mem-
ranes were investigated by TGA and DSC. Fig. 2 shows the
GA curves of the membranes. Those based on PC or PC + EC

Fig. 2. TGA of the polymer (gel) electrolyte membranes.
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enable operation of advanced batteries based on them in both
exceptionally low and high temperature.

Fig. 4 shows cyclic voltammograms of symmetric Zn/
H. Ye, J.J. Xu / Journal of Po

nly, samples a and b, exhibit large and rapid weight loss
pon heating. The membrane based on 0.5PC + 0.5PEGDME,
ample e, exhibits large and rapid weight loss as well. It has
een reported that lithium polymer gel electrolytes incorporat-
ng large amounts of volatile organic solvents are not thermally
table and solvent evaporation occurs easily at elevated tem-
erature [13]. The same phenomenon is observed here. We have
lso observed that these membranes visibly shrunk and lost their
onductivity by half when left in an open environment inside
he glovebox at room temperature for 3 days. The severe sol-
ent evaporation is a concern even for application in sealed
attery systems, and would render the electrolytes inapplica-
le for open systems such as the thin-film metal/air batteries
nvisaged. In contrast, the membranes based on PEGDME only,
amples c and d, exhibit negligible weight loss up to 140 ◦C.
he small weight loss below 140 ◦C likely resulted from resid-
al acetone left in the membrane and moisture absorption during
GA sample preparation. It is interesting to note that the mem-
rane based on 0.1EC + 0.9PEGDME, sample f, also exhibits
egligible weight loss below 140 ◦C. Incorporation of the small
mount of EC does not increase the volatility or degrade the
hermal stability of the resultant electrolyte membrane, while
ignificantly enhancing the solvating capability for zinc salts and
he ionic conductivity, as described above, and enhancing other
esirable electrochemical properties, as described below. These
ffects must be due to the synergistic interaction between EC
nd PEGDME at the molecular level, full elucidation of which
ust await further studies.
DSC measurements of the polymer (gel) electrolytes were

erformed in the temperature range from −50 to 150 ◦C (Fig. 3).
t is found that the polymer (gel) electrolyte membranes exhibit
ingle-phase behavior in a wide temperature range. Except
or the membrane based on 0.5PC + 0.5EC, which shows an
ndothermic peak around 5 ◦C, all the other membranes shows
o thermal event from −50 ◦C until a rather high tempera-
ure, where an endothermic peak appears which corresponds

o the melting of the membrane. The melting point of the recast
VDF-HFP membrane is 139.5 ◦C [3]. Blending with the liquid
omponents decreases the melting point to 83 ◦C for the mem-

Fig. 3. DSC of the polymer (gel) electrolyte membranes.
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rane based on PC, 92 ◦C for that based on 0.5PC + 0.5EC, and
01 ◦C for that based on 0.5PC + 0.5PEGDME. For membranes
ased on PEGDME or 0.1EC + 0.9PEGDME, this decrease of
he melting point is less significant, consistent with the fact that
EGDME is a viscous oligomer. It is interesting to note that the
elting point for the membrane based on 0.1EC + 0.9PEGDME,

t 112 ◦C, is similar to those of the membranes based on
EGDME alone. It is significant that there is no thermal event

n the membranes at the melting temperature of the individual
olvents, PC, EC or PEGDME, whose melting point is around
48.8, 36.4 and −19.5 ◦C, respectively [19,31]. The blending of

hese solvents with PVDF-HFP must be at the molecular level
o result in a highly homogeneous, largely amorphous phase
here the only crystallinity present is the weak crystallinity of

he recast PVDF-HFP [6], leading to only one melting point
ssociated with the PVDF-HFP and no melting point associated
ith the individual solvents. The only exception is the membrane
ased on 0.5PC + 0.5EC. This may be due to the fact that this
embrane is the only one with a large amount of EC whose melt-

ng point is very high at 36.4 ◦C [31]. At low temperatures around
50 ◦C, this electrolyte system would likely be semicrystalline,

amely, there are EC-rich crystalline regions embedded in an
therwise largely amorphous gel phase. As the temperature rises,
he crystalline regions melt leading to the endothermic peak
t 5 ◦C. The fact that the membranes based on PEGDME or
.1EC + 0.9PEGDME exhibit no discernible thermal transitions
ver a wide temperature range from −50 ◦C to around 110 ◦C is
ignificant for their potential applications. The ability to operate
n wide temperature ranges is important for many applications of
dvanced batteries. The single-phase nature of the polymer elec-
rolyte membranes in wide temperature ranges, coupled with the
act that they exhibit negligible weight loss up to 140 ◦C (Fig. 2),
ives rise to the possibility that their further optimization might
embrane/Zn cells using the polymer (gel) electrolytes mem-

ig. 4. Cyclic voltammograms of Zn/membrane/Zn symmetric cells using the
olymer (gel) electrolyte membranes. Inset shows first five cycles with sample
. Scan rate = 10 mV s−1.
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ranes. CV curve of the second cycle of samples a–f is shown,
hile the first five cycles of sample f are in the inset as a represen-

ative to show the reproducibility of the CV curves on multiple
ycles. Reproducibility of CV curves on multiple cycles is sim-
lar for the other samples. Reversible zinc plating/stripping as
hown in Fig. 4 indicates that Zn2+ ions are indeed mobile in the
embranes and Zn is capable of dissolution into and deposition

rom the membranes, features that are essential for their potential
pplication in zinc batteries. The peak current densities observed
ith the membranes based on PC and 0.5PC + 0.5EC (samples
and b) are low, 1.1 and 1.8 mA cm−2, respectively, although

he overpotentials associated with the peak current are rela-
ively low. The membrane based on 0.4 M Zn(Tf)2/PEGDME
sample c) gives rise to higher peak current densities, around
.5 mA cm−2, but the overpotentials are too high, which are
ttributable to the high resistivity of the membrane and the
igh interfacial resistance with zinc (see Table 1 and below).
he membrane based on 0.5 M Zn(TFSI)2/PEGDME (sample
) leads to a similar peak current density as sample c but much
ower overpotentials, again demonstrating the advantage of
sing the zinc salt with a very large anion leading to much higher
ulk ionic conductivity and also lower interfacial resistance with
inc (Table 1 and below). The cells using the membranes based
n 0.5PC + 0.5PEGDME and 0.1EC + 0.9PEGDME (sample
and f) exhibit high peak current densities and moderate

verpotentials, giving rise to the best overall performance and
gain demonstrating the advantage of the co-solvent approach
nd the synergistic effects between PC or EC and PEGDME.
omparing samples d and sample f, it is seen that incorporating
0 wt% EC leads to doubling the peak current density, which
s likely due to higher concentration and mobility of Zn2+ ions
n the electrolyte membrane as a result of the addition. These
V results also show that the cathodic stability limit of all the
embranes is zinc deposition from the membranes.
Electrochemical impedance spectroscopy tests of the

n/membrane/Zn cells were performed after five Zn plat-
ng/stripping cycles. The area of the Zn/membrane interface in
he symmetrical cell was 1.98 cm2. The spectra of all samples
rom high to low frequency consist of a semi-circle followed by
sloping line. The spectrum of sample f is shown in Fig. 5 as a

epresentative. The spectra can be interpreted by an equivalent
ircuit of a bulk resistance in series with a RC parallel and a
iffusion component at low frequency. The RC parallel is asso-
iated with the Zn/membrane interface and the R is identified
s the resistance of the interface. In fact, since there are two
dentical Zn/membrane interfaces in the symmetrical cell, the
nterfacial resistance is half of the value of the R as determined
rom the impedance spectrum, and listed in Table 2. The interfa-
ial resistance associated with membranes based on PEGDME
lone is high. Incorporating PC or EC can significantly decrease
ts value, another significant benefit of the co-solvent approach.
he interfacial resistance must be a combination of the resis-

ance associated with the kinetics of the two-electron transfer

eaction of zinc (Rkinetics) and the resistance associated with any
inc surface film (RSEI) It would be likely that a solid elec-
rolyte interface (SEI) film forms at the surface of zinc, as in the
ase of lithium [32]. However, virtually nothing is known about

n
i
u
i

ig. 5. Electrochemical impedance spectrum of the Zn/membrane/Zn cell (sam-
le f), obtained after five Zn plating/stripping cycles.

he nature of such SEI films on zinc or the kinetics of the zinc
lectron transfer reaction in polymer electrolyte membranes,
lthough it would be reasonable to expect that the resistance
ssociated with the kinetics of the two-electron transfer reaction
f zinc is significantly higher than that associated with the one-
lectron transfer reaction of lithium, while the SEI formation on
inc is not as severe as on lithium. In fact, by considering the
alues of the interfacial resistance listed in Table 2 and the zinc
lating/stripping curves in Fig. 4, it may be concluded that the
nterfacial resistance should largely result from the slow kinetics
f the two-electron transfer reaction of zinc and the contribution
rom the SEI film should be relatively small; namely, Rkinetics
s large and RSEI is small. Take sample f as an example. If the
nterfacial resistance was mostly due to RSEI, which should not
hange significantly with the current density flowing through the
nterface, the potential of the Zn/membrane/Zn cell at the peak
urrent in the CV test (Fig. 4) would be several volts, from a
imple estimation of the voltage drop across the Zn/membrane
nterface (current times the interfacial resistance) and the ohmic
rop of the voltage through the bulk resistance of the mem-
rane. The fact that the cell voltage corresponding to the peak
urrent is only ca. 0.75 V means that the voltage drop across the
n/membrane interface cannot be estimated by the product of

he current times the interfacial resistance as determined by AC
mpedance. AC impedance tests are performed under equilib-
ium conditions with a very small perturbation and the current
owing through the cell is minimal. The kinetics of the elec-

ron transfer reaction at the electrode/electrolyte interface is at
he linear region and consequently the Rkinetics thus determined
nly applies to the linear region. At higher current densities, as in
ig. 4, the electron transfer reaction is at the Tafel region where

he current density flowing through the interface varies expo-

entially, rather than linearly, with the voltage drop across the
nterface, and Rkinetics as determined by the AC impedance test
nder equilibrium conditions does not apply anymore. However,
f the interfacial resistance as determined by the AC impedance
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ig. 6. Linear sweep voltammograms of the polymer (gel) electrolyte mem-
ranes using SS/membrane/Zn cells. Scan rate = 1 mV s−1.

est were mostly due to RSEI, then the voltage drop across the
nterface could be estimated by the product of the current times
he interfacial resistance even at high current densities. These
onsiderations point to the interfacial resistance as determined
y AC impedance and listed in Table 2 being mostly due to
kinetics, not RSEI. They also suggest that the apparently high
alues of the interfacial resistance may not necessarily imply
evere limitations on their application in Zn batteries. In fact,
he peak current densities of zinc plating/stripping achievable in
hese membranes are relatively high at relatively low overpoten-
ials (except sample c) (Fig. 4), although it would undoubtedly
e beneficial for battery applications if the interfacial resistance,
s well as the bulk resistance, could be reduced through further
ptimization.

To investigate the electrochemical stability of the polymer
gel) electrolyte membranes, linear sweep voltammetry was per-
ormed using SS/membrane/Zn cells with a slow scan rate of
mV s−1. As shown in Fig. 6, the anodic stability limit of the
embranes based on PC and 0.5PC + 0.5EC (samples a and

) is 2.50 V and 2.65 V versus Zn2+/Zn, respectively. Incor-
orating 50% PEGDME into the membrane based on PC can
nhance the anodic stability to 2.8 V versus Zn2+/Zn (sample
). The membranes based on PEGDME (samples c and d) or
.1EC + 0.9PEGDME have significantly higher anodic stabili-
ies of over 3 V versus Zn2+/Zn. It is interesting that incorpo-
ation of a small amount of EC into PEGDME even improves
he anodic stability of the membrane to some degree, as seen
rom comparing samples d and f. The electrochemical stabil-
ty windows of these membranes apparently are wide enough
or potential application in zinc-based batteries such as zinc/air
atteries whose open circuit potential is 1.65 V.

The results reported above demonstrate the promise of devel-
ping zinc ion conducting polymer electrolyte membranes based
n oligomeric polyether/PVDF-HFP blends, and the advantages
f using zinc salts with a very large anion and the advantage of
ncorporating a small amount of EC in PEGDME as electrolyte

o-solvent. The membranes based on Zn(TFSI)2 in PEGDME
r Zn(TFSI)2 in 0.1EC + 0.9PEGDME are particularly promis-
ng, with their non-volatility, exceptional thermal stability in a
ide temperature range, high ionic conductivity, wide electro-
ources 165 (2007) 500–508 507

hemical stability window, acceptable interfacial resistance with
inc, and the capability for reversible zinc plating/stripping. Fur-
her optimization of these membranes could lead to even more
romising electrolyte systems for application in zinc batteries
uch as zinc/air batteries based on non-aqueous polymer elec-
rolytes, which is currently underway.

. Conclusion

In an attempt to develop zinc ion conducting polymer elec-
rolyte systems for potential application in new kinds of zinc-
ased batteries especially non-aqueous zinc/air cells, a series of
lectrolyte membranes based on PC, EC, PEGDME and their
ixtures, dimensionally stabilized by blending with PVDF-
FP, were investigated. It was found that PEGDME possesses
nusually strong capability for solvating zinc salts. Zinc salts
ith a very large anion, such as Zn(TFSI)2, lead to not only high

olubility in PEGDME, but also high ionic conductivity. Incor-
oration of a small amount of EC into PEGDME gives rise to
urprisingly large beneficial effects in terms of zinc salt solubil-
ty, ionic conductivity and other electrochemical properties. Zinc
lectrolyte solutions based on these solvents blend well with
VDF-HFP, leading to polymer (gel) electrolyte membranes of
single-phase nature in a wide temperature range. However,

hose membranes based on PC or PC/EC mixture exhibit large
eight loss in TGA tests or when left in an open environment,

eading to rapid loss of ionic conductivity and rendering them
napplicable for open systems such as thin-film zinc/air batter-
es envisaged. The polymer electrolyte membranes based on
EGDME, or PEGDME with a small amount of EC incorpo-
ated, exhibit negligible weight loss up to 140 ◦C. They also
xhibit other desirable properties, including ionic conductivity
n the order of 10−4 S cm−1 at room temperature, a wide elec-
rochemical stability window with the cathodic limit being zinc
eposition and anodic limit greater than 3 V versus Zn2+/Zn,
cceptable interfacial resistance with zinc, and the capability
or reversible zinc plating/stripping. They would be promising
or applications in new kinds of zinc batteries based on non-
queous or polymer electrolytes where non-volatility, high ionic
onductivity and other favorable electrochemical properties of
he electrolyte system are desired.
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